A miniature windowless silicon (Si) diode (4 mm 2 ) was evaluated as alpha particle detector and spectrometer for field measurements. Such detector would be useful in radiation surveys following nuclear or radiological events that involve contaminated individuals and surfaces with alpha-emitting radionuclides. The detector was irradiated with alpha particles from a 241 Am (2.3 kBq) and a 210 Po (9 kBq) source at source-detector distances (SDD) of 0.5, 1.0, and 1.8 cm. Measurements obtained under normal air pressure and temperature showed that the Si diode is useful for energy-resolved measurements of alpha particles under these conditions. For the Si diode, the energy resolution in terms of full width at half maximum (FWHM) was 281 keV, 148 keV, and 113
INTRODUCTION
Following a nuclear or radiological accident or a deliberate dispersion of radioactive material, individuals could become contaminated with various radionuclides on their skin and in wounds. Alpha-emitting radionuclides are particularly hazardous, as they are difficult to detect and have large dose coefficients (Sv per Bq) for uptake through open wounds compared with gamma and beta emitters [1] . Another application of interest is the ability to assay alpha emitting nuclides in nuclear power plants, fuel facilities, decommissioning sites, and in facilities treating radioactive waste, in order to determine the contamination levels of tools, equipment, pipes, and other objects. The principal monitoring instruments for alpha contamination are scintillation detectors, such as those based on zinc sulfide (ZnS[Ag]) and gas-filled detectors. A drawback of these devices is their inability to ascertain the energy distribution of the alpha particles. In particular, if the goal is to identify the contaminants as soon as possible in order to take appropriate measures, for example in the decontamination and cleaning of wounds, then spectrometric alpha particle measurements are required.
There have been only a few studies describing in situ alpha spectrometry, and these studies in most cases were performed under laboratory conditions in transportable laboratories equipped with evacuated chambers or canisters for the measurement of air filters [2] [3] [4] [5] . These studies used field-portable prototype spectrometers based on silicon surface barrier detectors and ion-implanted planar silicon detectors. However, the constructed portable instruments were all intended for measurements on collected samples. A more rapid and direct method for identification and activity quantification is therefore needed for radiation emergency situations.
The aim of this study was to investigate the feasibility that a silicon (Si) solid state detector, available in hospitals in Sweden as well as in other countries and used for the control of computed tomography (CT) equipment, could be used as a portable handheld alpha particle spectrometer for field measurements under ambient conditions.
MATERIAL AND METHODS

Experimental setup
The detector is a silicon sensor, referred to here as a Si diode, which was originally fabricated for point dose profile measurements in computed tomography systems (CT Dose Profiler, RTI Electronics AB, Mölndal, Sweden) [6] . The Si diode had a thickness of 300 µm and an active area of 4 mm 2 . It has also been applied as a directly readable dose meter for emergency radiation situations [7] . In that study, the author suggested the possibility it could be used to detect the higher photon energy ranges associated with nuclear or radiological emergencies, rather than the X-ray energies used in diagnostic radiology applications. It was also suggested 
Detector response and energy resolution
Changes in energy resolution as a function of source-detector distance (SDD) were investigated for the Si diode.
The detector was exposed to alpha particles from a 2. The detector response to alpha particles from a 9 kBq 210 Po source (E α =5304 keV and yield per decay =1), originating from a static electricity elimination brush with dimensions 5 mm x 18 mm and coated with 3 µm Au, was also evaluated at the three distances.
Detection efficiency and minimum detectable activity
The detection efficiency (ɛ) for the Si diode and as a function of the source-detector distance was calculated by
where N and A α are the total number of counts registered under the peak and the activity (in Bq) for a given radionuclide, respectively, and t is the measurement time (100 s). The 2.3 kBq ). The regions of interest (ROI) for the peaks were defined between channel numbers 11-142, 11-128, and 11-102 for the 0.5, 1.0, and 1.8 cm SDD, respectively.
The minimum detectable activity (MDA) of the particular source-detector geometries, expressed in Bq and defined at the 95% confidence level, was calculated by the following [8] :
where B is the number of background counts, t is the measurement time (100 s), and ɛ is the efficiency value obtained with the 241 Am source. Background measurement time of 11200 s was selected. MDA values were determined for all studied source-detector distances. Figure 2 shows the Si diode detector response after exposure to alpha particles from the 241 Am source at a 0.5 cm SDD for a 100 s measurement time, and compares it to the background measurement (acquired for 11200 s). A clear peak is observed, indicating that the miniature Si diode is capable of detecting and sorting the alpha particles by energy. The countrate in the background pulse height distribution below channel 10 are from electronic noise and the rest of the background pulse height distribution contains very few additional counts.
RESULTS
Detector response and energy resolution
Thus, it is possible to measure alpha particles in ambient air temperature, and pressure during field operations using equipment available in most hospitals. Am source, due to interactions and energy loss of the alpha particles as they pass through the 3 µm thin gold protective foil of the source. Even at very small depths. the self-absorption causes both a peak shift in the channel axis as well as a broadening of the alpha peak due to a higher fraction of the 210 Po alphas being energy straggled in the metallic foil when reaching the detectors. Figure 4 shows the source-specific detection efficiency vs. source-detector distance for the Si diode irradiated with alpha particles from a 33 mm 2 area
Detection efficiency and minimum detectable activity
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Am source. The maximum efficiency for the Si diode was 1.0% at a source-detector distance of 0.5 cm, and it decreased to 0.1% at a distance of 1.8 cm. 
DISCUSSION
A portable alpha spectrometer was tested by combining a handheld MCA with a Si diode for the spectrometric detection of alpha particles. The response and energy resolution of alpha particle detectors depend on parameters such as the SDD, the detector diameter, the thicknesses of the source and its protective cover, and the air pressure. The detector response in terms of number of counts per unit activity of the source decreased with increasing SDD, and the alpha particle peak channels also shifted to the lower side of the pulse height distribution.
The energy resolution improved as the air gap between the source and the detector increased. This was due to a larger fraction of the emitted alpha particles entering the detector perpendicularly at larger SDD. In contrast, the resolution was degraded as the SDD decreased due to the increased solid angle, as this results in a larger fraction of obliquely impinging alpha articles. This fraction of the particles is more energy degraded upon reaching the detector, and they also traverse a longer distance in the detector dead layer. This in turn causes more energy dispersion of the alpha particles and the subsequent broadening of the alpha peak in the spectrum. Thus, the energy resolution, in terms of the FWHM, was best (113 keV) at the longest SDD (1.8 cm).
This is also consistent with other observations [9] . The energy resolution could also be improved using collimation of the detectors in order to account for the geometry factor, although this would be at the expense of decreased detection efficiency [5] . The asymmetric shape of the alpha peaks, with the characteristic tail on the lower energy side, was also due to the energy degradation of the alpha particles due to energy losses in the air gap between the source and the detector, in the source material, and in the detector dead layers.
The detection efficiency of the Si diode for irradiation by 241 Am alpha particles was very small due to the small detector surface. The maximum observed efficiency was 1.0% at the shortest measurement distance (0.5 cm SDD). The efficiency decreased with higher SDD values, which is why it was necessary to place the detector very close to the contaminated surface (area). The distance must, however, be relatively well defined for proper identification of the alpha emitter, since a variation in the air gap results in an alpha peak shift.
For 100 s measurements and a background measurement time of 11200 s, the MDA values were in the range of 0.08-0.83 Bq. Beginning with the shortest SDD at 0.5 cm, the MDA values increase as the SDD increases. The MDA is also dependent on the background measurement time, and lower MDA values can be achieved using longer counting times. However, a tradeoff is necessary between the higher detection efficiency obtained at a shorter measurement distance and the lower MDA occurring at the expense of a degraded resolution.
The National Council on Radiation Protection (NCRP) states that, for skin contamination by alpha emitters, intervention is advisable when the levels are >100 Bq/cm 2 and is required when the levels exceed 1000
Bq/cm 2[10] . The derived MDA values for the portable detector system using the Si diode (0.24-2.5 Bq/cm 2 for 0.5-1.8 cm SDD) indicate that it is possible to detect activities far below the aforementioned intervention levels.
The rapid and straightforward method described in this study could have several alpha spectrometric applications, such as monitoring workplaces for wound, skin, or surface contamination at nuclear fuel facilities, nuclear power plants, and facilities handling radioactive waste. Other areas are environmental surveys following the release of actinides from accidents at nuclear power plants and other radiological or nuclear scenarios.
CONCLUSION
The capability of alpha spectrometry using a portable system based on a Si diode, available in hospital departments, was examined. It was demonstrated that in situ alpha spectrometric measurements are possible under ambient air pressure and temperature. The best energy resolution (113 keV) was achieved at 1.8 cm SDD. The detection efficiency of the small Si diode was 1.0% at 0.5 cm SDD for a 241 Am disk-shaped source (33   mm   2 ), with an MDA of 0.08 Bq. Po (E α = x keV) (right) at three different distances: 0.5, 1.0, and 1.8 cm. 
